Study Objectives: A single traumatic brain injury (TBI), even when mild (ie, concussion), can cause lasting consequences. Individuals with a history of chronic (>1-year prior) mild TBI have an increased risk of mood disturbances (eg, depression, suicide). This population also has lingering sleep alterations, including poor sleep quality and changes in sleep stage proportions. Given these sleep deficits, we aimed to test whether sleep-dependent emotional memory consolidation is reduced in this population. We utilized a mild TBI group (3.7 ± 2.9 years post injury) and an uninjured (non-TBI) population. Methods: Participants viewed negative and neutral images both before and after a 12-hour period containing sleep ("Sleep" group) or an equivalent period of time spent awake ("Wake" group). Participants rated images for valence/arousal at both sessions, and memory recognition was tested at session two. Results: The TBI group had less rapid eye movement (REM), longer REM latency, and more sleep complaints. Sleep-dependent memory consolidation of nonemotional images was present in all participants. However, consolidation of negative images was only present in the non-TBI group. A lack of differentiation between the TBI Sleep and Wake groups was due to poor performance in the sleep group and, unexpectedly, enhanced performance in the wake group. Additionally, although the non-TBI participants habituated to negative images over a waking period, the TBI participants did not. Conclusions: We propose disrupted sleep-and wake-dependent emotional processing contributes to poor emotional outcomes following chronic, mild TBI. This work has broad implications, as roughly one-third of the US population will sustain a mild TBI during their lifetime.
INTRODUCTION
Mild traumatic brain injuries (TBIs), or concussions, occur pervasively. It is estimated that 1.4-3 million people experience a TBI each year in the United States, with 70%-80% of these injuries being classified as mild (Glasgow Coma Score ≥13).
1,2 Importantly, TBIs classified as mild are not necessarily benign: in 2003, the US Centers for Disease Control and Prevention released a report stating that mild TBI is a "silent epidemic," the prevalence and severity of which are highly underestimated. 3 Moreover, recent evidence from empirical studies suggests just a single, mild TBI can cause lasting, unfavorable consequences. Therefore, the need for exploration of this topic is both critical and broadly impactful.
Emotional Disturbances Following Mild TBI
Mild TBI patients exhibit a wide range of physical, cognitive, and emotional complaints chronically (>1 year since injury). One of the most well-documented, long-term impacts of mild TBI is an increased risk for mood disturbances. Specifically, new-onset depression is common following mild TBI, 4, 5 and elevated depression rates have been detected as long as 6 years after injury. 6 A recent meta-analysis also identified an increased prevalence of anxiety symptoms following TBI, relative to a noninjured, control population. 7 Additionally, perhaps as a consequence of post-TBI depression and anxiety, risk for suicide is elevated ~10 years after an individual sustains a concussion, even if mood disorders were not present preinjury. 8 Yet, despite clear evidence linking head injury and emotional disturbances, the link between these two factors remains largely unexplored and poorly understood.
Sleep Disturbances Following Mild TBI
Sleep alterations are similarly common after TBI, both immediately 9, 10 and many years post injury. 11 Specifically, chronically injured individuals report poorer sleep quality 12 and daytime sleepiness 13 relative to healthy controls. Objective recordings of sleep (via polysomnography [PSG] ) demonstrate decreased sleep efficiency (time asleep/time in bed 14 ), increased awakenings 12 , hypersomnia 15 , and sleep stage proportion changes several years post TBI. Recently, a large meta-analysis, which comprised nine studies, found individuals with a history of TBI tend to have less rapid eye movement (REM) than uninjured individiauls 16 . However, at present, it remains unclear whether TBI-induced sleep alterations have chronic, deleterious effects on health after brain injury.
Sleep and Emotional Processing
Sleep is a pillar of mental health: every major psychiatric disorder is associated with a high prevalence of sleep disturbances. 17 Interestingly, it has been proposed that these sleep disturbances causally impact mood. 18, 19 That is, sleep alterations are not merely a side effect of the disorder but actively contribute to and maintain dysfunction. Accumulating evidence from the last decade supports this hypothesis.
Sleep, relative to wake, uniquely impacts cognition and emotion. For instance, we and others have shown that sleep, relative
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to a period spent awake, strengthens emotional memories through a process called sleep-dependent memory consolidation. [20] [21] [22] In a separate study, we found sleep-dependent memory consolidation may causally impact subsequent (ie, next-day) mood. Specifically, we found sleep staging predicts post-sleep affect/mood but only when sleep-dependent emotional memory consolidation occurred. 22 These findings indicate emotional memory consolidation plays a critical role in the relationship between sleep and emotional state. Therefore, a disruption in this underlying mechanism (sleep-dependent memory consolidation), potentially due to sleep stage or sleep quality alterations, can have consequences for emotional well-being.
Further, we 21, 22 and others 23, 24 demonstrated sleep and wake differentially impact emotion generation (eg, self-reported valence ratings). Specifically, when individuals are shown the same set of negative stimuli twice (with a period of sleep between viewing sessions), emotionality to negative stimuli is preserved. However, individuals who remain awake between the two sessions (during a normal waking day) habituate to negative stimuli, rating them as more neutral during the second presentation. Similar to memory, sleep-dependent preservation of emotion has been linked to sleep physiology, such that more REM leads to greater emotion preservation over a sleep period. 21 Therefore, a disruption of sleep staging, and particularly REM, could disrupt this process.
The Current Study
One aim of the current study is to assess whether sleep-dependent memory consolidation is altered in individuals with chronic, mild TBI with the rationale that disrupted sleep-dependent processes could be a mechanism causing or maintaining mood disturbances in this population. To test this hypothesis, we utilized an emotional memory paradigm. 21, 22, 25 We predicted emotional sleep-dependent memory consolidation would be reduced in a chronic, mild TBI population. Additionally, given the reduction in REM sleep following a mild TBI, 16 the second study aim was to assess whether sleep-dependent emotion generation is intact in a mild TBI population. We hypothesized that sleep's preservation of emotionality might be disrupted in individuals with chronic TBI as well.
MATERIALS AND METHODS

Participants
Eighty-one individuals (59 females and 22 males) between 18 and 30 years (20.01 ± 1.34) participated in the experiment. Participants had normal or corrected-to-normal vision and no history of neurological disease, sleep disorders, psychological disorders, or use of medications known to affect sleep or cognitive functioning (this information was self-reported). All participants were compensated with payment or course credit. Experimental procedures were approved by the University of Massachusetts, Amherst Institutional Review Board, and written informed consent was obtained. Procedures are in accordance with the Declaration of Helsinki.
Participants were assigned to a TBI or non-TBI group. Inclusion criteria for the TBI group included a history of a concussion more than 1 year before testing. Time since injury ranged from 1 to 10 years, with 64.1% of the sample having had a concussion within 1-3 years. Sixty-six percent of the participants had one concussion, 19.3% had a history of two concussions, 5.3% had three concussions, and 10.4% had four concussions. Concussion and symptom diagnosis were self-reported, as in our previous work. 11 In the past, self-reported mild TBI has been linked with cognitive, neuropsychological, and physical impairments. [26] [27] [28] [29] [30] Therefore, we feel participants' self-reports are a valid measure of having had a concussion. Participants in the non-TBI group were required to have never had a concussion. Individuals unsure of their concussion status were not eligible. The criteria of mild TBI states that (at the very least) an "alternation in brain functioning" (eg, confusion, disorientation, loss of concentration) must occur following head injury. 31 Given this, we only included participants with at least one symptom of altered brain functioning. We did not count the presence of a headache as altered brain functioning, as a headache can also come from external pain (eg, superficial injury). Given that participants were not aware of the hypotheses of the study, the sample comprised individuals with a range of symptoms following mild TBI (ie, the sample was not only comprised of individuals with cognitive or sleep complaints). However, the aim of this study was to investigate individuals with chronic, mild TBI, who are often "high functioning" (ie, those who may have little to no ongoing consequences of TBI), and, consequently, our sample comprises individuals on the very mild end of the TBI spectrum.
Participants in each group were further divided into either the Sleep or Wake condition. These conditions differed only in the timing of the performed behavioral tasks (described below).
Materials
Ninety emotionally negative and 90 emotionally neutral pictures were used. The majority of stimuli were obtained from the International Affective Picture System (IAPS). 32 The rest were from an in-house set, chosen to match the IAPS pictures in content and emotionality. 22, 33 Normative data from our lab found negative pictures were moderate to high in arousal, and neutral pictures were low in arousal.
Procedure
This experiment had a between-subjects design with two conditions. Each condition consisted of two sessions. Participants in the "Sleep condition" had session 1 (Encoding) in the evening (between 08:00 pm and 10:00 pm) and session 2 (Recognition) 12 hours later (in the morning). On the other hand, participants in the "Wake condition" had session 1 in the morning (between 08:00 am and 10:00 am) and session 2 12 hours later (in the evening). Individuals in the Wake condition were asked not to nap or consume excessive amounts of caffeine between sessions. All participants were asked not to consume alcoholic beverages.
In the first session, participants provided written informed consent and completed a set of questionnaires including: (1) the Pittsburg Sleep Quality Index (PSQI 34 ), a well-validated measure of self-reported sleep quality during the month prior, (2) the Morningness-Eveningness Questionnaire (MEQ 35 ), an assessment of chronotype, (3) the Epworth Sleepiness Scale (ESS 36 ), which gauges habitual sleepiness, and (4) the Stanford Sleepiness Scale (SSS 37 ), which assesses the participant's self-reported sleepiness at that given moment. Participants completed the SSS at both session 1 (SSS1) and session 2 (SSS2). Additionally, all participants performed a working memory task, the Digit Span Forward, 38 at session 1 to confirm similar encoding ability between TBI and non-TBI groups.
A questionnaire regarding TBI characteristics was administered to the TBI group. This questionnaire probed time since TBI, number of TBIs, and which symptoms they experienced immediately after the most recent concussion occurred.
During Encoding, participants viewed 30 negative and 30 neutral target stimuli in pseudorandom order (Figure 1 ). Each picture appeared on the computer screen for 1000 ms followed by a 1000 ms interstimulus interval. After each picture, participants were prompted to rate the valence of the image on a nine-item self-assessment manikin (SAM) valence scale (1 = negative, 5 = neutral, 9 = positive). Immediately after, participants were prompted to rate the arousability of the image on a nine-item SAM arousal scale (1 = no arousal, 9 = highly arousing). Ratings were entered using numbers on a keyboard without any time limit. Importantly, participants were not informed that memory for the pictures would be subsequently tested. For this reason, each participant could only participate in one condition so that the unanticipated memory test could be preserved.
During Recognition, which occurred 12 hours later, participants were shown 180 pictures: the 60 images from Encoding (targets) intermixed with 120 novel pictures (foils; 60 neutral and 60 negative). Pictures were displayed for 1000 ms, and participants again rated each for valence and arousal and indicated whether they had seen the picture during session 1 by pressing "Y" for yes and "N" for no.
Polysomnography
PSG was recorded in the Sleep condition participants (20 TBI, 20 non-TBI) in participants' homes using the Aura PSG ambulatory system (Grass Technologies). Electrodes were applied after completion of the Encoding phase. The electrode montage included two electrooculogram (right and left ocular canthi), two chin electromyogram (EMG), and six cortical electroencephalogram (EEG) leads (O1, O2, C3, C4, F3, F4), with all channels referenced to the contralateral mastoid. Recordings were obtained and scored according to the specifications provided by the American Academy of Sleep Medicine. 39 Due to equipment failure and failure of participants to initiate PSG devices before sleep, sleep physiology results are based on 14 participants in the non-TBI group and 16 in the TBI group.
Data Analysis
Statistical analyses were performed on SPSS 22 Software (IBM, Armonk, New York). Participants' individual valence ratings of the pictures were used to categorize each stimulus for analyses. 21, 22, 40 Targets were categorized based on ratings during the Encoding phase, and foils were categorized based on ratings during the Recognition phase. Negative and neutral pictures were defined as those rated 1-3 and 4-6, respectively. Therefore, the number of items in each emotion category (negative, neutral) varied across participants. Participants were excluded from analyses if they had fewer than 10 negative or neutral targets (n = 3; 2 non-TBI and 1 TBI). On average, participants rated 29.5 ± 8.5 images as neutral and 21.2 ± 4.9 as negative. These numbers did not differ between groups or conditions (p-values > .29).
Hit rate (HR) was defined as the percentage of target pictures correctly identified as previously seen. False alarms (FA) were defined as the percentage of foils that participants indicated as having been seen before. Finally, d' (recognition memory discriminability) was calculated from these measures (reported in Supplemental Material). Corrected recognition (CR; HR-FA) was used as the main outcome measure, and d' was used as a supplementary outcome measure.
Changes in valence (Δvalence) and arousal (Δarousal) ratings were calculated separately for negative and neutral target pictures. Specifically: Δvalence = session 2 mean valence rating − session 1 mean valence rating; Δarousal = session 2 mean arousal rating − session 1 mean arousal rating. Thus, a positive Δvalence score for a negative picture indicates a decrease of the initial negative reaction (toward neutrality). A positive Δarousal score indicates an increase in arousal from the first to the second session. All arousal data are reported in the attached Supplemental Material.
Comparisons of means were conducted using two-way analyses of covariance (ANCOVAs). Group (TBI vs. non-TBI) and condition (Sleep vs. Wake) were entered as predictor variables. The outcome variables were those calculated for memory, arousal, and valence (described above). Analyses were performed for neutral and negative emotions separately, resulting in six total ANCOVA tests. PSQI scores and gender were entered as covariates. 21 Post hoc comparisons were conducted using planned comparisons when significant interactions between groups were present.
Where behavioral differences were found between groups, we used a linear regression to identify whether head injury factors, sleep characteristics, or both predicted behavioral outcomes in the TBI population. In the first step of the model, we entered head injury factors: number of TBIs, time since most recent TBI (years), and number of symptoms post-TBI. In the second step, we entered sleep factors: total sleep time, percent of the night in non-REM sleep stage 2 (N2), percent of the night in slow wave sleep (SWS), and percent of the night in REM sleep. These three sleep stages were included given that N2 and, more so, SWS have been implicated in sleep-dependent declarative memory consolidation 11, [41] [42] [43] and, more recently, emotional memory consolidation. [44] [45] [46] [47] REM has also been implicated in sleep-dependent emotional processing. 19, 21, 48 For the analysis of variance, the whole sample, excluding outliers, was included. However, for the follow-up regressions, only participants with PSG were used.
When calculating descriptive statistics, a chi-square test was used to compare categorical variables (eg, gender) between groups, and independent-sample t-tests were used to compare continuous variables. Multivariate outliers were identified and removed using Cook's Distance with a cutoff of 4/n (n = 2). Univariate outliers were identified and removed using the median absolute deviation (MAD) method with a moderate cutoff criterion (median ± 2.5 × MAD). In the case of univariate outliers, individuals who were an outlier in one domain (eg, memory) were not removed entirely but were removed only from that specific analysis. Therefore, when including multivariate outliers and those removed for having fewer than 10 negative or neutral targets (discussed above), there were six participants without memory data, five participants without valence data, and seven participants without arousal data.
RESULTS
Demographic Information
Demographic information is listed in Table 1 . TBI and non-TBI groups did not differ in age, years of education, or gender. Similarly, participants assigned to Sleep and Wake conditions did not differ in age, years of education, or gender. Notably, there was a large proportion of female participants in this sample, representative of a typical psychology undergraduate program from which the sample was drawn.
TBI and non-TBI participants did not differ in terms of MEQ, ESS, SSS1, or SSS2 scores. However, consistent with previous work, 14, 16, 49 the TBI group had marginally higher PSQI scores, which was driven by a significant difference in the sleep latency component of the scale (time to fall asleep; non-TBI = 1.42, TBI = 2.1; t(78) = 2.57, p = .01). The Sleep and Wake conditions did not differ based on MEQ, SSS2, or ESS scores.
However, the Wake conditions had higher SSS1 scores, indicating the Wake participants were sleepier during session 1 (which was a morning session) than the Sleep participants (for whom session 1 was an evening session). These results are consistent with work showing high sleepiness in young adults in the morning due to a circadian phase delay. 50 For this reason, SSS1 scores were included as a covariate in all analyses. Finally, participants in the non-TBI and TBI groups did not differ in Digit Span performance, indicating no difference in working memory abilities.
Given that PSG data of several individuals were not available in the analyses (as previously discussed), we conducted an additional set of analyses without such participants. Demographic results were unchanged.
Head Injury Characteristics
The average time since the most recent concussion in the TBI group was 3.7 ± 2.9 years. Concussions were sustained from a sports-related injury (68%), fall (17%), car accident (8%), or by other means (6%). No concussions were sustained in a combat-related situation. Participants had an average of 4.5 ± 1.2 symptoms following concussion. As indicated in Table 2 , the prevalence of loss of consciousness and post-traumatic amnesia were fairly low, indicating this sample was on the "minor" end of the mTBI spectrum. Sleep and Wake TBI groups did not differ on number of TBIs, time since TBI, and number of symptoms experienced after TBI.
Sleep Architecture
Sleep characteristics are listed in Table 3 . There were no differences between the TBI and non-TBI Sleep groups for total sleep time, sleep efficiency, or time spent awake after sleep onset. There was a marginal difference for sleep latency, such that the TBI group had longer sleep latency than did the non-TBI Figure 2A The TBI Sleep group had significantly reduced CR for negative stimuli relative to the non-TBI Sleep group [F(1,66) = 4.27; p = .04]. We therefore examined whether differences in FA or HR accounted for this difference. We found the TBI Sleep group had notably (but nonsignificantly) higher FA than the non-TBI Sleep group [F(1,66) = 2.5, p = .11]. There was also a marginally significant reduction in HR in the TBI Sleep group relative to the non-TBI Sleep group [F(1,66) = 2.85; p = .09].
Interestingly, the lack of differentiation in CR between the TBI Sleep and TBI Wake groups also was influenced by alterations in memory processing in the TBI Wake group relative to the non-TBI Wake group. The TBI Wake group had strikingly lower FA than the non-TBI Wake group [F(1,66) = 10.87; p < .01; Figure 2B ]. A reduction in FA in this group rendered CR scores higher, thus limiting differentiation from the TBI Sleep group for that measure. On the other hand, there was no difference in HR between the non-TBI and TBI Wake groups [F(1,66) = 0.05; p = .82]. Taking these findings with those above, both the TBI Sleep and TBI Wake groups had irregularities in FA such that the TBI Wake group performed better than the control group and the TBI Sleep group performed worse than the control group.
Valence
We next used an ANCOVA to examine whether there were differences between groups or conditions for Δvalence (Table 4) However, when examining Δvalence for negative images, we found a main effect of injury group [F(1,66) = 7.89; p < .01] such that the non-TBI group had an overall higher change in the positive direction (toward neutrality). There was no main effect of Condition [F(1,66) = 1.37; p = .25], but there was a significant interaction between factors [F(1,66) = 4.84; p = .03]. As shown in Figure 3A , consistent with our previous results 21 , post hoc simple effect analyses showed the non-TBI Wake group had a significantly higher Δvalence [became more neutral; F(1,66) = 6.82; Figure 3 , this similarity is present because there is no habituation (ie, movement in the neutral direction) in the TBI Wake condition.
Assessing Factors Predicting Emotional Processing Deficits
Where behavioral differences between Injury Groups and Conditions were detected, we conducted linear regressions to identify which factors predicted behavioral abnormalities in the TBI group. It is notable that the following regressions had relatively low achieved power (ranging from 0.12 to 0.40) due to small sample size and a high number of predictors. Therefore, rejecting predictors based on these analyses is preliminary.
We first probed whether clinical measures or sleep characteristics predicted reduced sleep-dependent memory consolidation. We used regressions to predict two measures: CR and FA. For CR, in the first step of the model, number of TBIs significantly predicted sleep-dependent emotional memory consolidation, such that more concussions predicted poorer memory consolidation (B = −.14, p = .02). Time since most recent TBI and number of symptoms did not predict consolidation (ps > .3). R 2 was low (0.34), and the model was not significant [F(3,17) = 2.37, p = .11]. Sleep characteristics were then added to the model. None of the sleep characteristics significantly predicted memory consolidation (ps > .27). Although the R 2 value increased (0.55), the model remained not significant [F(7,17) = 1.39, p = .31). Number of TBIs was no longer a significant predictor of memory consolidation nor were the other clinical measures (ps > .32).
Notably, as mentioned above, there was an unexpected reduction in FA in the TBI Wake group for both negative and neutral stimuli. Therefore, head injury factors were used to examine potential changes in the Wake group (sleep characteristics were not available in this group). Given the similarity in pattern between FA for negative and neutral stimuli, these measures were combined (FA negative + FA neutral). None of the aforementioned head injury factors predicted this combined FA score (ps > .30; R 2 = .09). . When examining valence, we performed a similar linear regression to identify factors predicting the wake-dependent differences identified above. We tested whether clinical injury outcomes predicted Δvalence in the TBI Wake group. Similar to what was found for memory accuracy, number of TBIs significantly predicted Δvalence, such that individuals with a higher number of TBIs had a lower (more negative) Δvalence (B = −0.2, p = .04). Time since most recent TBI and number of symptoms did not predict Δvalence (ps > .17). R 2 was low (0.27), and the model was not significant overall [F(3,19) = 2.04, p = .14].
The Influence of Multiple TBIs
Notably, as our results show, the link between the number of TBIs an individual has sustained and their emotional processing is robust. Given this, we reperformed the initial ANCOVA tests using only individuals who had sustained one concussion to ensure that individuals with multiple concussions were not driving these results. For memory measures (HR, FA, CR, d'), results were nearly identical (HR interaction: p < .01; FA main effect of condition: p = .04; FA interaction: p < .01; CR main effect of condition: p < .01; CR interaction: p < .01; d' main effect of condition p < .01; d' interaction: p < .01). The Δvalence results were also maintained (main effect of group: p = .04; interaction: p < .01). Overall, these results indicate that a single concussion produces the emotional deficits discussed above, yet multiple concussions worsen emotional outcome.
DISCUSSION
Sleep Quality and Architecture in Chronic TBI
Individuals with a history of TBI had marginally higher PSQI scores (ie, poorer sleep quality) than control participants, in line with several other investigations. 14, 16, 49 In the current sample, the difference in PSQI scores was mainly driven by the sleep latency component of the scale, which queries how long it takes the individual to fall asleep. Participants with a history of TBI reported significantly longer sleep latency. The TBI group also had marginally longer objectively measured sleep latency (PSG). Our results support and add to others' findings that self-reported sleep quality is poorer several years after a concussion has occurred.
In the current sample, individuals with a history of TBI spent a significantly lower proportion of the night in REM than the non-TBI group. This finding is consistent with a recent meta-analysis that aggregated nine studies to compare sleep architecture between participants with a history of TBI and healthy controls. 16 The meta-analysis found no differences between groups for time spent in SWS, N1, and N2, yet the TBI individuals had marginally less REM sleep than healthy controls. Reduced REM in chronic TBI may be the result of a reduction in melatonin production.
14 As such, reduced REM seems to be a prominent following chronic, mild TBI.
The TBI group also had significantly longer REM latency than the non-TBI group, similar to what others have reported. 51 Interestingly, longer REM latency has been identified in individuals with post-traumatic stress disorder (PTSD), 52 and REM latency alterations are a well-established biomarker of major depressive disorder. 53 It is possible that longer REM latency is a marker of having had a concussion. However, the meta-analysis described above does not support this hypothesis, as no differences in REM latency were found between aggregated TBI and non-TBI groups in that investigation. 16 Alternatively, the TBI individuals could be experiencing a TBI-induced circadian rhythm delay, 54 which could delay REM onset.
Emotional Memory Consolidation in Chronic TBI
We found a specific deficit in the consolidation of negative emotional stimuli in individuals with a history of TBI. It is possible that hippocampal injury that occurs during TBI 55, 56 is the primary cause of reduced consolidation, but this seems unlikely given that consolidation of neutral stimuli is preserved in the TBI population. Alternatively, hippocampal damage may lead to the disruption of the structurally linked limbic system, which modulates emotional processing. 57 It is also possible that prolonged frontal lobe damage disrupts downstream emotional processing via disrupted communication with and inhibition of the amygdala. Further work to probe these hypotheses using functional imaging is warranted.
In the TBI group, memory consolidation was affected by lower FA in the TBI Wake group and higher FA in the TBI Sleep group. We probed whether clinical injury factors and sleep characteristics predicted FA rate. For the TBI Wake group, we did not identify any factors predicting FA. However, in the TBI Sleep group, we found individuals with a history of more TBIs had a higher rate of FA. We also found the percent of the night in N2 and SWS significantly predicted FA, such that more time in these stages predicted lower rates of FA. REM marginally predicted FA in the same manner. Importantly, total sleep time did not predict FA, suggesting an active contribution of each sleep stage rather than a passive effect of sleep (ie, a lack of interference caused by less wake time). We propose the dearth of REM in this population contributed to reduced memory consolidation (discussed further below).
In our sample, the TBI Wake group unexpectedly had low FA rates but normal HR rates relative to non-TBI Wake participants. Interestingly, these data are consistent with work demonstrating patients with moderate to severe head injury respond with fewer errors during a reaction time task 58 and during a memory recognition task. 59, 60 The author of these studies suggested that reduced errors may have resulted from either a general increase in hesitancy or a failure to encode. Although assessing the former hypothesis is beyond the scope of this study, we do not feel the latter hypothesis to be true. Specifically, if TBI-related encoding deficits were the sole mechanism underlying reductions in FA, we would expect the TBI Sleep group to also have low FA. However, the TBI Sleep group had marginally higher FA than the non-TBI Sleep group. This leads us to believe either (1) encoding deficits are not responsible for lower FA in the TBI Wake group, or (2) poor encoding indeed affected FA in all TBI participants, but the TBI Sleep group experienced additional, unrelated interference, which led to an increase in FA. We believe the latter to be the case.
We propose that inefficient or incomplete reorganization of memory during sleep may have resulted in higher FA in the TBI Sleep group. According to the synaptic homeostasis hypothesis, global downscaling of synapses during sleep (namely SWS) eliminates weak synaptic connections while strengthening stronger connections. 61 An incomplete downscaling could leave weaker connections in place, increasing interference and decreasing the signal-to-noise ratio. TBI induces deficiencies in synaptic function and plasticity (via oxidative stress), 62 and it is possible that lingering synaptic damage hinders the downscaling process. Yet it must be stressed that neutral sleep-dependent consolidation is intact in the TBI population, and consolidation deficits must therefore be emotion-dependent. Given this, our results cannot be fully explained by this hypothesis.
Separately, it has been proposed that efficient sleep-dependent memory processing depends on both REM and non-REM episodes. 63 That is, sleep-dependent consolidation is optimized when both non-REM and REM are present and also sequential. [64] [65] [66] The delay in REM onset and general reduction in REM in this sample may have hindered consolidation by reducing such REM/non-REM interactions. Relatedly, it has long been proposed that amygdala activation during REM is critical for sleep-dependent emotional processing. 67 Recent evidence suggests activation of the amygdala occurs predominantly after REM bursts during REM sleep. 68 Thus, a reduction in REM should limit amygdala activation, reducing the sleep-dependent "boost" for emotional stimuli.
An interesting alternative hypothesis regarding low FA in the TBI Wake group comes from emerging work suggesting brain injury causes sleep and wake to become less dissociated. Specifically, a recent study found more "microsleep" bouts (ie, spontaneous slow waves) occur during wake following mild TBI than controls (in both mice and humans, with humans being ~5 years post injury). 69 The authors suggested that sleepwake states are blurred following TBI, even years after injury. Given the unexpected decrease in FA observed in the TBI Wake group, it is possible that spontaneous slow wave activity during the day facilitated consolidation, which manifested as lower FA.
Emotional Valence Changes in Chronic TBI
The TBI and non-TBI groups did not exhibit differences in baseline valence ratings of either emotional or nonemotional stimuli. This is counter to what we would expect, as an increased risk for mood disturbances could alter initial ratings of stimuli. Nevertheless, groups differed in terms of Δvalence. In the control group, we replicated our previous results 21, 22 that showed sleep significantly preserves valence ratings (ie, maintains negativity) relative to a period spent awake. That is to say, the Wake group experiences desensitization or habituation to negative images, but the Sleep group does not. In comparison, we unexpectedly found that although the TBI Sleep group preserved negativity, the TBI Wake group did as well. Therefore, both the TBI Sleep and the TBI Wake groups found the negative images to be almost as negative at the second presentation.
These results are compatible with current theories of depression development and maintenance. Depressive thoughts arise and are perpetuated when an individual is unable to use proper emotional regulation strategies (eg, suppression, reappraisal) to habituate when emotional experiences occur. 70 In the current sample, a failure to habituate to negative stimuli during a waking period might suggest a prolongation of negative information processing, which could ultimately maintain negative thoughts and facilitate depression. Clinical populations that have experienced trauma, such as individuals with borderline personality disorder and PTSD, show a similar lack of habituation over a waking period. 71, 72 Therefore, a lack of habituation may either be a "marker" of brain circuitry decrements or simply a reflection of poor mental health. Future work should investigate the effectiveness of emotional regulation strategies in a TBI population relative to uninjured controls.
The Role of Multiple TBIs
We found number of TBIs to be a significant predictor of memory and Δvalence such that more TBIs predicted (1) poorer sleep-dependent memory consolidation (FA) and (2) a greater preservation of valence. Importantly, we did not find any correlations between Δvalence and memory consolidation, suggesting number of TBIs was separately predictive of emotional deficits for valence and memory. These findings indicate individuals who have sustained multiple concussions have poorer emotional processing during sleep, during a waking period, and overall.
These data are consistent with a broad range of literature showing individuals with multiple concussions have poorer recovery outcomes than individuals with no concussions or one concussion. For instance, active duty military members with multiple concussions were found to have greater ongoing emotional distress (eg, PTSD, depression, anger symptoms) than military members with no concussions or one concussion. 73 Athletes with a history of two or more concussions demonstrated significant cognition and sleep changes relative to individuals with no concussions or one concussion, 74 and in a similar population, number of concussions predicted the incidence for depression. 75 Our findings add to this growing body of literature by demonstrating one concussion, relative to none, worsens emotional functioning, but more concussions produce more severe emotional dysfunction.
Strengths and Limitations
There are several limitations to the current study that must be addressed. First, there are no clinical outcome measures (eg, depression and anxiety symptomology questionnaires) available. We are therefore limited in drawing conclusions about how the sleep-and wake-dependent alterations exhibited in this population contribute to negative mental health outcomes or whether sleep-and wake-dependent alterations mediate the relationship between TBI and poor emotional outcomes. Furthermore, this study did not include physiological measurements of arousal (eg, skin conductance). However, we feel that our measures of self-rated arousal are accurate and valid, as our participant ratings of arousal are similar to those found with these same stimuli set. 21, 22 Nevertheless, future work could include physiological measurements in order to draw more complex conclusions about which mechanisms are disrupted in this population.
Previous work has demonstrated medications may impact both emotional functioning and sleep staging. For instance, antidepressants impact valence perception. 76 In the current study, we screened against individuals with an active psychiatric disorder (self-reportedly). Given this, we did not include individuals taking antidepressants. Additionally, over-the-counter antihistamines have been shown to impact the percentage of REM sleep. According to the PSQI, two participants in the TBI Sleep group and three participants in the non-TBI Sleep group reported using over-the-counter sleep aids within the last month. However, we are unaware whether participants used over-the-counter antihistamines, which increase REM latency and reduce REM 77 , during the day of testing. If a greater proportion of TBI individuals were on antihistamine medication during the day of testing, sleep architecture could have been impacted.
Finally, the use of a retrospective study design with self-reported TBI comes with limitations. If participants incorrectly recalled details (eg, regarding postconcussive symptoms), error variance may have been added to the sample, thereby creating null effects when they are not present. Furthermore, without a formal TBI diagnosis, we are limited in our ability to draw conclusions about injury location or whether participants had complicated mTBI, which is usually identified with magnetic resonance imaging. Ideally, future work could utilize longitudinal data following specific populations (eg, student athletes) before and after brain injury.
Despite these limitations, this investigation also has substantial strengths. This study included a large clinical sample with a range of TBI characteristics (eg, time since TBI, symptoms following TBI). Moreover, the TBI population in this sample was recruited within a university setting, and participants were not aware of the hypotheses of the study before participating. That is, this sample was not comprised of individuals with sleep or emotional complaints, but rather it contained community-dwelling, high-functioning individuals. Given this, we can conclude that our study detected sleep-and wake-dependent emotional deficits in a "high functioning" mild TBI population who have seemingly recovered normally. Finally, we included individuals who have had multiple concussions, allowing us to observe how repeated brain injuries affect sleep-and wake-dependent emotional processing.
CONCLUSIONS
Mild TBI is a major public health issue for a wide range of individuals-from the football field to the battlefield. Individuals who have sustained a concussion are often plagued with both emotional issues and sleep problems. Importantly, healthy sleep-dependent emotional processing is posited to contribute to emotional health. We therefore aimed to test whether chronic sleep issues in a TBI population had an effect on sleep-dependent emotional processing. This study is the first to detect specific sleep-dependent emotional deficits (eg, reductions in memory consolidation) in a TBI population. Given the purported role of emotional memory consolidation in emotional health, this study provides a viable link between poor sleep and mental health in individuals with a history of chronic, mild TBI.
